Introduction {#sec1-1}
============

Intensive care unit acquired weakness (ICUAW) is being increasingly recognized as a significant clinical problem in critically ill patients who have spent longer periods of intensive care unit (ICU) stay and mechanical ventilation (usually greater than 7 days). Osler\'s 1892 description of the "rapid loss of flesh" in patients with prolonged sepsis was possibly first observation of this condition.\[[@ref1]\] In 1984, Bolton *et al*. first reported the clinical, electrophysiological and histopathological features of ICU patients with newly acquired weakness and subsequently introduced the term critical illness polyneuropathy (CIP).\[[@ref2]\] Lately, critical illness myopathy (CIM) has been increasingly recognized in both adult and pediatric patients. It is uncertain whether CIP and CIM are two different disorders. Recent data suggest that CIP and CIM co-exist; a condition that has been termed critical illness polyneuropathy and myopathy (CIPNM).\[[@ref3][@ref4]\] Data regarding ICUAW in children is restricted to small case series and reports\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16]\] and only one prospective study has been reported so far in the pediatric age group.\[[@ref17]\]

Data Collection and Synthesis {#sec1-2}
=============================

To identify relevant studies, we searched two databases from January 1980 to March 2013. For MedLine and Embase, we used the following text words and key words: Critical care, intensive care, "CIM" or "CIP" or "CIPNM" or "neuromuscular diseases". Articles available in English language were considered. Both adult and pediatric studies were considered. We contacted the primary authors to obtain necessary permissions to use figure and table for this review.

Results {#sec1-3}
=======

A total of 76 articles were found including both adults and children. Articles on Guillian Barre syndrome, stroke and meningitis were excluded. There were about 30 pediatric cases described in retrospective reviews and case studies. In one prospective pediatric study, 14 cases of ICUAW were described out of 830 admissions to the pediatric ICU. In this review, we describe the incidence, clinical features, diagnosis and management of ICUAW based on current available published adult and pediatric literature to date with special reference to pediatric age group as much as feasible.

Discussion {#sec1-4}
==========

 {#sec2-1}

### Incidence {#sec3-1}

Incidence of CIP and CIM varies depending on patient subpopulation, diagnostic method used and timing of examination. In an adult series De Jonghe *et al*. found ICUAW in 25% of patients who were mechanically ventilated for ≥ 7 days and were awake and able to cooperate with physical examination.\[[@ref18]\] Substantial number of the patients could not be evaluated in this study most commonly because of death before regaining consciousness. Several studies that included unresponsive patients have reported higher incidence of acquired neuromuscular disease in similar cohorts. Most of those studies relied on electrophysiological testing (without a confirmed muscle biopsy), which might have resulted in overestimation of weakness.\[[@ref18]\] Incidences of neuromuscular weakness have been reported from 50% to as high as 100% in patients with sepsis and multi-organ failure.\[[@ref19][@ref20]\] There is no published data on exact incidence of CIP/CIM in children. The only prospective study to date estimated an incidence of 1.7%, which is much lower than in adults,\[[@ref17]\] perhaps due to failure to recognize this clinical syndrome in children as a distinct clinical entity.\[[@ref21]\] This issue has not been systematically studied in pediatric ICUs with the exception of above mentioned prospective study where ICUAW was found in 14 children mostly pediatric transplant patients (post bone marrow or solid organ transplant) with sepsis (9 children) and multi-organ dysfunction (11 children) out of 830 patients admitted to pediatric ICU. Most of those patients had received corticosteroids (CS), neuromuscular blocking agents (NMBA) or aminoglycosides facing multiple attempts and failed extubations due to profound muscle weakness.\[[@ref17]\]

### Risk factors {#sec3-2}

A large number of studies have been carried out to identify critically ill patients at risk for CIM/CIP.\[[@ref22][@ref23][@ref24][@ref25][@ref26]\] These studies have identified that sepsis, systemic inflammatory response syndrome and multi-organ failure are the crucial risk factors. CS administration is another common risk factor for ICUAW. ICU acquired myopathy has been reported in patients with severe asthma who received high doses of steroids in association with other risk factors as sepsis and use of muscle relaxants (neuromuscular blocking drugs).\[[@ref26][@ref27]\] Third major risk factor is the administration of neuromuscular blocking drugs. However ICUAW has been described in absence of sepsis,\[[@ref28]\] use of CSs and neuromuscular blockade.\[[@ref29][@ref30]\] This emphasizes our incomplete understanding of this disease and complexity of the pathogenesis involved. Various other independent risk factors have been identified in association with CIM/CIP. These are female gender,\[[@ref18]\] severity of illness,\[[@ref22][@ref29]\] duration of organ dysfunction,\[[@ref18]\] renal failure and renal replacement therapy,\[[@ref31]\] low serum albumin,\[[@ref19]\] parenteral nutrition,\[[@ref31]\] hyperosmolarity,\[[@ref31]\] duration of ICU stay,\[[@ref32]\] vasopressor and catecholamine use,\[[@ref32]\] septic encephalopathy\[[@ref31]\] and hyperglycemia.\[[@ref32]\] Immobility has profound effects on skeletal muscles and is considered as a risk factor for muscle weakness during the critical illness.\[[@ref33]\] Muscle weakness in critically ill patients due to immobility probably reflects the loss of mechanical loading as the cause.\[[@ref34]\] Of children with CIP/CIM reported to date majority had sepsis and systemic inflammatory response syndrome. Few children were admitted with severe asthma and after bone marrow transplantation. Most of them received CS and neuromuscular blockers before the onset of weakness, but from the data available it is not possible to drive any cause and effect association between these factors due to lack of randomized prospective data for comparison.\[[@ref21]\] It is generally recommended that these agents should be avoided once a diagnosis of ICUAW is made, until further evidence is available on this particular issue.

### Clinical features {#sec3-3}

CIP and/or CIM cannot be clearly differentiated from each other on the basis of clinical signs and symptoms alone.\[[@ref35]\] Patients generally present with diffuse skeletal muscle weakness. Muscle involvement is so profound that sometimes it mimics flaccid areflexic quadriparesis.\[[@ref36]\] This clinical problem is often recognized during the time when sedation is discontinued and weaning from mechanical ventilation is initiated. Weaning problems are due to the involvement of the phrenic nerves, diaphragm, intercostal and other accessory respiratory muscles.\[[@ref19][@ref37]\] In Patients with CIP evidence of distal loss of pain, temperature, and vibration may be observed even in fully alert patients. Tendon reflexes may be present and this should not be held against the diagnosis of CIM/CIP.\[[@ref38]\] Cranial nerve innervated muscle groups are less commonly involved than spinally innervated muscle groups and their involvement should point to other neurological disorders such as Guillian-Barre syndrome. Facial muscles are relatively spared, however, those may be involved and in rare cases ophthalmoplegia may occur.\[[@ref2][@ref39]\] In children with CIP/CIM, the cases described so far have been identified because of muscle weakness and failure to wean from the ventilator. The timing of onset of weakness was variable. In some cases, it was very early in the onset of critical illness.\[[@ref5][@ref6]\] In the only prospective study done so far, weakness was clinically noticed after a wide range of duration of illness (4-26 days) and 86% of these children were mechanically ventilated for \> 5 days.\[[@ref17]\]

### Pathogenesis {#sec3-4}

Exact pathogenesis of CIM and CIP is not known. The frequent association between myopathy and neuropathy holds the theory that CIM and CIP are not isolated events, but rather an integral part of the complications resulting from multi-organ dysfunction and failure in critically ill. Therefore shared microcirculatory, cellular and metabolic pathophysiological mechanisms may be most likely in existence. Various pathophysiological mechanisms that have been proposed are shown in [Figure 1](#F1){ref-type="fig"}. Sepsis-related disturbance of the microcirculation in peripheral nerves and muscles is a crucial event in the pathogenesis.\[[@ref19][@ref40]\] In CIP, this might be mediated by the enhanced expression of E-selectin, a marker of endothelial cell activation, in the vascular endothelium of the peripheral nerves.\[[@ref40]\] This increased expression of E-selectin could activate leucocytes within the endoneurial space, with local cytokine production, increased microvascular permeability, and formation of endoneurial edema. These microvascular alterations lead to hypoperfusion of small capillaries of the nerves and loss of blood-nerve barrier.\[[@ref41]\] Hyperglycemia and hypoalbuminemia can further enhance endoneurial edema.\[[@ref42]\] Hyperglycemia and ensuing increased passive uptake of glucose might also contribute to bioenergetic failure which might explain the improvement in CIP that occurs with intensive insulin therapy.\[[@ref32][@ref43]\] Consequently, primary axonal degeneration might occur as a result of severe deficit in energy supply. Increased permeability and leakage of capillaries may also enhance the passage of neurotoxic factors in the endoneurium. In addition, endothelial cell-leucocyte adhesion and extravasation of activated leucocytes within the endoneurial space are promoted by septic state, where they can induce tissue injury with local cytokine production.\[[@ref40]\]

![Pathophysiology of critical illness polyneuropathy/critical illness myopathy. Proposed pathophysiological mechanisms and their interactions involved in the development of critical illness polyneuropathy/critical illness myopathy. Adapted with permission from Hermans *et al*.\[[@ref35]\] (CS: Corticosteroids; NMBA: Neuromuscular blocking agent; ROS: Reactive oxygen species; SR: Sarcoplasmatic reticulum)](IJCCM-18-95-g001){#F1}

The pathophysiology of CIM is complex and involves activation of protein degradation, inhibition of muscle protein synthesis, mitochondrial loss, mitochondrial dysfunction and abnormalities of myocyte Ca^++^ sequestration. Proteolytic pathways involve ubiquitin-proteasome (UPS)\[[@ref44][@ref45]\] and calcium dependent calpain.\[[@ref46]\] Ubiquitination is the process in which ubiquitin moieties are selectively passed onto target proteins to "tag" them for degradation by proteasome or lysosomes among other cellular processes.\[[@ref47][@ref48]\] Studies have reported increased proteolysis, with activation of UPS in the skeletal muscle of human beings with atrophy associated with a variety of conditions, including CIM.\[[@ref44][@ref49]\] Calpains are calcium dependent, nonlysosomal proteases. They are found to be increased in ICUAW.\[[@ref49]\] Their upregulation suggests alteration of calcium mediated homeostasis due to endotoxemia and inflammation possibly contributing to the pathogenesis of CIM. Another potential mechanism is the "Sodium channelopathy" which induces the loss of muscle membrane excitability, impairing the generation of action potentials and contraction.\[[@ref50][@ref51]\] In addition, impaired expression of nitric oxide synthetase could contribute to reduced muscle membrane excitability as nitric oxide takes part in maintaining resting membrane potential of fiber myocyte.\[[@ref52]\] Disruption of skeletal muscle excitation-contraction coupling as well as altered regulation of calcium release by sarcoplasmic reticulum, are also thought to be involved in the pathogenesis of CIM.\[[@ref53]\] Other mechanisms suggested to contribute to the pathogenesis of CIM are mitochondrial dysfunction, which is manifested as diminished mitochondrial density, oxygen consumption, oxidative phosphorylation and increased production of free radicals. Loss of mitochondrial function results in lower energy status, which causes muscle fatigability and weakness.\[[@ref41]\]

### Diagnosis {#sec3-5}

The diagnosis of ICUAW is suspected in patients who have the clinical features mentioned above, particularly flaccid muscle weakness and failure to wean from the ventilator in the setting of critical illness. CIM can be distinguished from CIP if preservation of sensory function (indicative of the former) can be demonstrated. However, sensory evaluation can be difficult in critically ill patients, particularly when obtunded, comatosed, or intubated and it might be difficult to distinguish CIM from CIP on the basis of clinical features and neurologic examination findings alone. Furthermore, some patients have features of combined CIM and CIP. Alert, cooperative patients with muscle weakness arising as a complication of critical illness should be assessed clinically with the medical research council (MRC) score. This score includes formal testing of three muscle groups in each limb on a scale of 1-5 rendering a maximum score of 60. CIP/CIM is arbitrarily diagnosed if the MRC sum score is less than 48.\[[@ref18]\] This score has demonstrated excellent reliability, including evaluations of patients with Guillain-Barre syndrome on mechanical ventilation and can be utilized to document the extent of disease and to track changes over time.\[[@ref54]\] Laboratory assessment of patients with ICUAW is usually unrevealing. The creatine phosphokinase is generally normal. However, if elevated it should raise the possibility of a toxic or inflammatory etiology of myopathy. Diagnosis of CIP, CIM, or combined CIP and CIM therefore relies on the clinical, electrophysiological and muscle biopsy investigations. No particular specific clinical diagnostic criteria exist in children except a clinical presentation in an ICU setting with similar features of profound muscle weakness in case reports described in the published literature.

### Electrophysiological and histological features {#sec3-6}

Electrophysiological studies provide a bedside method to confirm the diagnosis and to exclude other neuromuscular causes of weakness. Unfortunately, routine electrophysiological examination has insufficient specificity to discriminate between CIP and CIM in critically ill, sedated, uncooperative, or extremely weak patients. The first electrophysiological sign that can occur very early, after the onset of critical illness, is a reduction in amplitude of the nerve conduction potentials compound muscle action potential (CMAP) or sensory nerve action potential (SNAP) or both with preserved conduction velocity.

This reduction in amplitude often precedes the clinical findings. As CIP is a primary axonal neuropathy, patients show a reduction in CMAPs and SNAPs. By contrast in CIM, CMAP duration is not prolonged. Varying degrees of fibrillation potentials and positive sharp waves will be recorded in both CIP and CIM. Direct muscle stimulation followed by calculation of the ratio between the nerve and muscle evoked action potential has been proposed as a useful test to differentiate between CIP and CIM.\[[@ref55]\] A neCMAP: dmCMAP ratio ≥ 1 suggests either myopathy or a normal clinical picture. Differentiation between CIM and normal muscle function can be accomplished on the basis of the absolute value of the dmCMAP amplitude; myopathy causes a loss of electrically excitable muscle, leading to a reduction in the dmCMAP amplitude. A neCMAP: dmCMAP ratio \< 1 is observed in neuropathy. In patients with CIPNM, ratios \> 0.5 are typically observed. In such cases, dmCMAPs are depressed, and the reduction of neCMAPs depends on the extent to which axons are involved.\[[@ref55]\] As routine electrophysiological examination in critically ill patients often cannot differentiate between neuropathy and myopathy and direct muscle stimulation is technically challenging, biopsy can be performed and is considered a gold standard for the diagnosis of involvement of muscles in the disease process. Three main types of ICU acquired myopathies have been identified based on histopathological finding collectively known as "acute quadriplegic myopathy" constituted by (a) CIM, (b) myopathy with selective loss of thick (myosin) filaments and (c) acute necrotizing myopathy.\[[@ref38]\] CIM is characterized by generalized muscle cell atrophy, fatty degeneration, and fibrosis. It usually affects both type I and type II muscle fibers. In thick-filament myopathy, a selective loss of myosin filaments is the predominant finding. Acute necrotizing myopathy of critical illness is characterized by prominent myonecrosis, with vacuolization and phagocytosis of myocytes. In patients with CIP, histopathological studies show signs of axonal degeneration in both motor and sensory fibers.\[[@ref43]\]

### Differential diagnosis {#sec3-7}

Patient history and physical examination in an appropriate ICU setting associated with muscle weakness and difficult ventilator weaning should point toward a probable diagnosis of CIP/CIM. Limitations in this approach may include encephalopathy, tracheal intubation with limited patient communication, but this should not dissuade one from further clinical evaluation for a neuromuscular disorder.

Several disease processes involving the brain, spinal cord, peripheral nerves, neuromuscular transmission or muscles can cause muscle weakness or paralysis in a patient who is critically ill. Electrolyte abnormalities such as hypokalemia and hypophosphatemia can cause acute myopathic processes, hypermagnesemia can impair neuromuscular transmission. Several drugs can affect neuromuscular transmission, including NMBA, cancer chemotherapy, statins, and antiretroviral agents. Simple mnemonic muscles is helpful in remembering some of the most common causes of generalized weakness in the ICU \[[Table 1](#T1){ref-type="table"}\].\[[@ref56]\]

###### 

Mnemonic used for differential diagnosis of generalized weakness in the intensive care unit

![](IJCCM-18-95-g002)

Since specific clinical diagnostic criteria don't exist, a high index of suspicion for CIP/CIM should be kept in children and diagnosis is mainly made by excluding other known causes of muscle weakness.

### Management {#sec3-8}

There are no proven therapies that prevent or reverse CIP or CIM. Several therapeutic strategies have been suggested to prevent CIP/CIM. These include nutritional interventions, supplement therapies, antioxidant therapy (glutamine, arginine, omega-3 fatty acids), testosterone derivatives, growth hormone, and immunoglobulins.\[[@ref31][@ref35][@ref57]\] None of these therapies, however, have actually been shown to have beneficial effects on muscle function in ICU patients. Therefore, only preventive and supportive measures can be recommended. The best evidence for prevention comes from two prospective studies that studied the effect of intensive versus conventional insulin therapy in both surgical and medical ICU patients.\[[@ref58][@ref59]\] In the sub analysis, intensive insulin therapy significantly reduced the incidence of CIP/CIM and need for prolonged mechanical ventilation. This management seems appropriate with careful implementation and safeguards against hypoglycemia. The underlying systemic illness should be treated properly. Medications that increase the risk of weakness should undergo careful reviews. Strategies to mobilize patients either with passive stretching or active exercise with physical and occupational therapy reduces muscle atrophy.\[[@ref60]\] A protocol of coordinated daily interruption of sedatives with spontaneous awakening and interruption of mechanical ventilation with spontaneous breathing trials is recommended to reduce the duration of ventilator dependence in many adult studies. Recently, one prospective randomized controlled pediatric study demonstrated good results with daily interruption of sedation in mechanically ventilated children with reduction in ventilator days and length of ICU stay.\[[@ref61]\] Although this trial did not particularly look at incidence ICUAW in group of children who received continuous sedation versus group with daily interruption of sedation, the decreased length of stay and ventilator days in the intermittent sedation group was a significant clinical finding, which might suggest lesser incidence of adverse effects of prolonged sedation such as tolerance, withdrawal and delayed recovery.\[[@ref62]\] Finally, it is important to maintain internal milieu of patients with attention to electrolyte disorder including phosphate and magnesium\[[@ref64]\]

### Prognosis {#sec3-9}

ICUAW (CIP/CIM) has been associated with increased length of stay in the ICU, increased number ventilated days and higher mortality rates, although data in pediatric age group is limited. Spontaneous recovery occurs within weeks in mild cases, and in months in moderate to severe cases, or does not occur at all in some of the cases.\[[@ref42]\] Like in most axonopathies, distal muscle weakness and sensory deficits are the most common residual deficits\[[@ref42]\] Although patients with CIM tend to have a poorer overall health status, CIM does appear to have a better prognosis as compared to CIP\[[@ref63]\]

Conclusion {#sec1-5}
==========

ICUAW due to CIP/CIM alone or in combination causes delay in ventilator weaning, compromises rehabilitation and is associated with significant morbidity and mortality. Diagnosis can be made by clinical examination, electrophysiological tests and muscle biopsies. Unfortunately, our understanding of this entity in pediatrics is limited. Prospective studies are required to better characterize the prevalence, natural history and clinical significance of ICUAW (CIP/CIM) in critically ill children.
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